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A B S T R A C T
In this study, new blended fuels were formed by adding 3–10 vol. % of acetone into a regular gasoline.
According to the best of the author’s knowledge, it is the ﬁrst time that the inﬂuence of acetone blends
has been studied in a gasoline-fueled engine. The blended fuels were tested for their energy eﬃciencies
and pollutant emissions using SI (spark-ignition) engine with single-cylinder and 4-stroke. Experimen-
tal results showed that the AC3 (3 vol.% acetone + 97 vol.% gasoline) blended fuel has an advantage over
the neat gasoline in exhaust gases temperature, in-cylinder pressure, brake power, torque and volumet-
ric eﬃciency by about 0.8%, 2.3%, 1.3%, 0.45% and 0.9%, respectively. As the acetone content increases in
the blends, as the engine performance improved where the best performance obtained in this study at
the blended fuel of AC10. In particular, exhaust gases temperature, in-cylinder pressure, brake power,
torque and volumetric eﬃciency increase by about 5%, 10.5%, 5.2%, 2.1% and 3.2%, respectively, com-
pared to neat gasoline. In addition, the use of acetonewith gasoline fuel reduces exhaust emissions averagely
by about 43% for carbon monoxide, 32% for carbon dioxide and 33% for the unburnt hydrocarbons. The
enhanced engine performance and pollutant emissions are attributed to the higher oxygen content, slight
leaning effect, lower knock tendency and high ﬂame speeds of acetone, compared to the neat gasoline.
Finally the mechanism of acetone combustion in gasoline-fueled engines is proposed in this work; two
main pathways for acetone combustion are highlighted; furthermore, the CO, CO2 and UHC (unburnt
hydrocarbons) mechanisms of formation and oxidation are acknowledged. Such acetone mechanism is
employed for further understanding acetone combustion in spark-ignition engines.
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Modern industrial processes depend heavily on acetone as one
of the extensive organic solvents [1,2]. Acetone is an extensive solvent
for synthetic ﬁbers and most plastic materials such as bottles made
of polystyrene, polycarbonate, polypropylene and others. Acetone
is also used as a basic ingredient in paints and varnishes indus-
tries as well as many industrial applications (see e.g. References
[3–7]). This multi-industrial use of acetone results, without a doubt,
in large quantities of acetone containing wastes. Unfortunately, when
disposing of such wastes many environmental problems appear. By
burying the wastes underground, acetone can penetrate to ground-
water and in turn dissolved together because acetone does not absorb
to soil but it is highly soluble inwater; thus contamination of ground-
water occurs due to the high toxicity of acetone. On the other hand,
disposing of such wastes through burning is also known to express,* Tel.: +966 (02) 7272020; fax: +966 (02)7274299.
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2016in some conditions, for releasing of acetone into the atmosphere
[8]. Acetone in the atmosphere is known to play an important role
in changing the chemistry of the environment and it is also found
to be the most oxygenated organic in the upper troposphere [9–11].
In addition, acetone in the atmosphere can cause serious health prob-
lems in the central nervous system, kidneys, reproductive system,
liver, skin and others. Repeated exposure to acetonemay cause organ
damages. Recently, the level of acetone in water and air is re-
ported to be about 20 parts per million (ppm) and 13 to 20 ppm,
respectively, and such levels should be minimized [12].
Various techniques have been developed for acetone emission
disposal. One of the most promising techniques is using catalytic
combustion of acetone (after separation from other mixed compo-
nents) to convert it into carbon dioxide and water. This technique
mainly depends on the catalytic performance of the catalyst, which
is the most important factor determining the effectiveness of this
technique. Generally, two types of catalysts are commonly used:
noble metal and transition metal oxides. The noble metal oxide type
is very costly, which limits its broad applications. The transitionmetal
oxide type, on the other hand, is less costly but its stability under
some operating conditions is poorwhere its deactivation is frequentlyrg/licenses/by-nc-nd/4.0/).
observed [13–15]. In the current study a new technique is applied,
which is based on the combustion of acetone in the spark-ignition
(SI) engines. Such new technique is very challenging since little is
known about acetone chemical behavior in a hot oxidizing envi-
ronment and therefore its practical combustion in SI engines.
Combustion of acetone in internal combustion engines is re-
viewed in literatures and few publications are found concerning
combustion of acetone in compression ignition (CI) engines. Chang
et al. [16,17] studied acetone–butanol–ethanol–diesel blends in CI
engines. The researchers applied a mixture of 20 vol.% acetone–
butanol–ethanol (ABE) and 80 vol.% diesel fuel; results demonstrated
a better combustion eﬃciency and a reduction in particulate matter,
nitrogen oxides (NOx), PAHs (polycyclic aromatic hydrocarbons),
unburnt hydrocarbon and almost zero soot formation, compared to
neat diesel fuel. The results also reported that energy eﬃciency of
ABE–diesel was higher than the neat diesel, which means that ABE–
diesel blend is a promising green fuel. Lin et al. [18] carried out a
study using 1–3 vol.% acetone in diesel and showed that fuel blends
can improve combustion eﬃciency and reduce pollutant emis-
sions, compared to neat diesel fuel. Based on such available few
literatures, acetone–diesel blended fuel is a promising alternative
in compression ignition engine, especially acetone could be ob-
tained from biomass and, in turn, it is considered as renewable fuel,
as to be discussed later. However, similar studies on acetone–
gasoline blended fuel were not found in the literature, according
to the best knowledge of the author. Hence, there is a need for fun-
damental understanding on the feasibility of acetone–gasoline blend
in SI engine. The goal of this study is to investigate the combus-
tion characteristics of acetone and aﬃrm its potential and
environmental applications as a blended fuel in SI engines; fur-
thermore, the study aims at investigating a new technique for
disposal of acetone wastes, which were produced during different
industrial processes (after separated from other disposals).
If one plans to use acetone in gasoline engines, it is necessary
ﬁrst to understand its mechanism of combustion. Reaction mech-
anism provides an understanding of acetone oxidation kinetics in
combustion conditions based on describing how reactions take a
place at the molecular level and which bonds are broken or formed
and in which order. By reviewing literatures, little but varied works
were found concerning acetone combustion mechanism. Baldi et al.
[19] showed that acetone was incompletely oxidized (at 200 °C) to
form acetic acid and acetaldehyde, but completely oxidized (at
270 °C) to form CO2 and H2O. El-Nahas et al. [20] argued that acetone
may undergo pyrolysis reactions with partial oxidation of acetone
to form acetyl radical. Sato and Hidaka [21] developed a mecha-
nism for pyrolysis and oxidation of acetone, which consists of 164
reactions and 51 species. Chaos et al. [22] measured the time his-
tories for stable species concentrations under acetone oxidation
conditions and proposed a mechanism consisting of 248 reactions
and 46 species. Chang and Anthony [23] showed that acetone is
chemically transformed into hydrocarbons and subsequently into
CO2 and H2O through decarboxylation and dehydration. Barnard
and Honeyman [24,25] presented acetone oxidation in the gas-
phase and showed that the ﬁrst chain-initiating step in acetone
oxidation was by attacking acetone via oxygen to form acetonyl
radical; after that, the acetonyl radical is decomposed into methyl
radical and ketene. Chong [26] studied acetone oxidation mecha-
nism and pointed out that acetone is mainly reacted through three
main reactions, which formed methyl radicals in one reaction and
acetonyl radical in the other two reactions. Tsuboi et al. [27] evalu-
ated the oxidation/decomposition of acetone in combustion
conditions and presented amechanism that includes the main path-
ways for acetone oxidation/decomposition. From the above
literatures, one comes up with the idea that combustion of acetone
in gasoline-fueled engines is very complex and until recently its con-
ﬁdence mechanism is not well understood. In the current study, the
chemical reaction scheme of acetone is developed and new mech-
anism is proposed where such chemical mechanism is used to
understand emissions pathways of acetone combustion in SI engines.
The importance for such mechanism is magniﬁed with the advent
of the recent possibility of obtaining acetone in large quantities
during biomass fermentation processes from several biomass types
such as palm oil waste, domestic waste and abundant agricultural
crops (see e.g. References [28–33]). Consequently, bio-acetone as
a renewable might be proposed in a near future as a substitute or
supplement of gasoline as a transportation fuel.
2. Experimental apparatus and method
The experiments are conducted using spark-ignition engine, which
has a single-cylinder and four strokes placed on a chassis and con-
nected with a dynamometer. The engine is air cooled with a 7:1
compression ratio andwithout catalytic converter unit. The displace-
ment volume is 147.7 CC with 2 valves per cylinder. The engine was
operated with the throttle plate wide open at speed rang of 2600–
3400 r/min and load of 1.3–1.6 KW. ECU (electronic control unit) was
used in the engine setup for controlling air/fuel ratio, which is changed
with engine speed/power but it is not tuned for different fuels. Engine
speciﬁcations are summarized in Table 1. Different sensors and ap-
paratuses are equipped with the engine to carry out the engine
performancemeasurements as: temperature sensor, pressure sensor,
speed sensor etc. Different connectors are employed to feed signals
from different sensors to the ampliﬁer and then to the data acqui-
sition card that is connected with a personal computer (PC). The PC
allows for data recording and displaying in various forms via the PC
monitor. The experimental procedure is applied as following: (1) ﬁlling
the system with fuel, (2) commissioning apparatus and sensors, (3)
starting the engine using DC motor, and (4) operating the engine in
steady state conditions. After starting up the engine, it works without
load for fewminutes to warm up and, afterward, measurements take
place. Four different fuels are measured, which are neat gasoline (as
base fuel), 3 vol.% acetone in gasoline, 7 vol.% acetone in gasoline and
10 vol.% acetone in gasoline. Properties of acetone and gasoline used
in this study are presented in Table 2, from References [34–40]. The
experiments of all fuels were applied at same engine working con-
ditions without tuning.
In addition to engine, an exhaust gas analyzer is used to measure
the exhaust emissions. The sampling probe of the analyzer is con-
nected to a water trap by a length of ﬂexible hose. To avoid excessive
amounts of condensate entering the ﬁlters, one should avoid sud-
denly raising the hose above the level of the analyzer. The gas
analyzer is housed with displays and controls via the front panel.
The front panel shows the measurements of CO, CO2, UHC (unburnt
hydrocarbons) and O2 in four-digit displays. Themeasurements range
of different gases is about 10% for CO, 20% for CO2 and 2000 ppm
for UHC. Table 3 presents themeasurements range and speciﬁcations
Table 1
Speciﬁcations of the engine.
Engine SI engine
Manufacturer/model GUNT, Hamburg, Germany/CT 150
No. of cylinders/cycle One/4 stroke
Ignition system Spark ignition
Bore × stroke 65.1 mm × 44.4 mm
Connecting rod length 79.5 mm
Displacement volume 147.7 CC
Compression ratio 7: 1
Rated power 1.5 kW
Cooling medium Air cooled
Lubrication system Pressurized lubrication
Oil sump capacity 0.6 L
Number of valves 2
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of the gas analyzer. Theworking principle of the gas analyzer is based
on an interference ﬁlter correlation procedure; infrared energy is
transmitted through the ﬂow of exhaust gases to a ﬁltered infra-
red detector; a rotating chopper wheel cyclically interrupts the
infrared rays and produces a sequence of signals; the analysis of the
measurement signals are done automatically by a microprocessor.
Oxygen measurement takes place using an electrochemical cell.
When carrying out emissions testing, cleanliness of the gas ways,
especially in the case of hydrocarbons, is of great importance for
accurate measurements. The measurements are seen on the front
of the analyzer panel. For further details about experimental ap-
paratus and procedure (see early publications [41–46]).
3. Results and discussions
Results demonstrate the emissions and performance character-
istics of acetone–gasoline blends as well as pure gasoline fuel at
steady state working conditions; consequently the use of acetone
as a fuel in SI engine is evaluated and discussed. Combustion mech-
anism of acetone in SI engine is also highlighted for further
understanding of engine performance and emissions. In the results,
the three different blended rates of acetone–gasoline fuels are
denoted as AC3, AC7 and AC10 where the “AC” designates acetone
and the number next to “AC” designates the volume percentage of
acetone. For example, the AC10means that 10% acetone (99% purity)
was blended with 90% gasoline by volume; AC0 represents the neat
gasoline in the results. It is important to highlight that when acetone
is added to gasoline fuel in the engine a lot of problems will show
up not only to the environment and human health, but also to the
engine itself, in case of incomplete burning of acetone. According-
ly, the study limits the acetone content in the blends to be up to
10 vol.%; more reasons for limiting acetone content in gasoline will
be demonstrated later.
3.1. Combustion mechanism
Since engine performance and pollutant emissions are prod-
ucts of the fuel combustion process, it is necessary ﬁrst to understand
the mechanism of acetone combustion in SI engines if one makes
use of it eﬃciently. Combustion of acetone in gasoline-fueled engines
is very complex and until recently its detailed mechanism was not
well understood, as demonstrated early. The chemical reaction
scheme presented in this work was developed on the basis of pre-
viously available ones by Barnard and Honeyman [24,25], Chong [26],
Heghe [47], Decottignies et al. [48], Black et al. [49], Tsuboi et al.
[50], Dias et al. [51], Pichon et al. [52], Chong and Hochgreb [53],
and Van Geem et al. [54]. Fig. 1 summarizes the main pathways of
the acetone consumption/oxidation reactions at stoichiometric ﬂame
conditions. As seen, the thermal decomposition of acetone
(CH3COCH3) leads to the direct formation of acetonyl radical
(CH3COCH2), acetyl radical (CH3CO), methyl radical (CH3), acetal-
dehyde radical (CH3CHO) and very little of methoxide radical (CH3O)
via reactions R01, R02, R03 and R04, as shown in Table 4. Subse-
quently, acetone is reacted with methyl radical to form acetonyl,
Table 2
Fuel properties [34–40].
Properties Acetone Gasoline
Molecular formula C3H6O C8H15
Octane number 110 90–99
Oxygen content (wt%) 27.6 –
Density at 15 C (g/mL) 0.791 0.745
Autoignition temperature (°C) 560 420
Flash point at closed cup (°C) 17.8 −45 to −38
Lower heating value (MJ/kg) 29.6 42.7
Boiling point (°C) 56.1 25–215
Stoichiometric AF ratio 9.54 14.7
Latent heat at 25 °C (kJ/kg) 518 380–500
Flammability limits (vol.%) 2.6–12.8 0.6–8
Saturation pressure at 38 °C (kPa) 53.4 31.01
Viscosity at 40 °C (mm2/s) 0.35 0.4–0.8
Table 3
Speciﬁcations of the gas analyser.
Model Infralyt CL
Power consumption (VA) 45
Range of apparatus heating (°C) 0–130 resolution 1 °C
Accuracy ± 1 °C
Gases temperature range (°C) 5–45
Analyser heating range (°C) 0–130
Gases measurement ranges CO 0–10% vol.
CO2 0–20% vol.
UHC 0–2000 ppm
CH3COCH3 HCCO
CO
CH3
CO2
CH2O
CH3CO
CH3CHO
CH3COCH2
HCO
CH2CO
CH2
CH4
Fig. 1. Principal pathways of main species formation from acetone
consumption/oxidation.
Table 4
Main acetone consumption/oxidation reactions [24–26,47–57].
Reactions No. References
CH COCH CH COCH H3 3 3 2→ + R01 [24–26,49–51,54]
CH COCH CH CO CH3 3 3 3→ + R02 [24–26,49–51,54]
CH COCH OH CH CHO CH O3 3 3 3+ → + R03 [49–51]
CH COCH H CH CHO CH3 3 3 3+ → + R04 [49–51]
CH COCH CH CH COCH CH3 3 3 2 43+ → + R05 [26,54]
CH COCH CH CH CO CH CH3 3 3 2 3 4+ → + + R06 [48]
CH COCH CH CO CH3 2 2 3→ + R07 [49,50]
CH CHO H CH CO H3 3 2+ → + R08 [47,51]
CH CO CH CO3 3→ + R09 [49–54]
CH CO O CH CO3 3 2+ → + R10 [48]
CH CO OH CH CO OH3 3+ → + + R11 [48]
CH CO HO CH CO OH3 2 3 2+ → + + R12 [48]
CH CH H3 2→ + R13 [26,47]
CH O CH O H3 2+ → + R14 [26,47,51]
CH OH CO H3 22+ → + R15 –
CH O OH HCO H O2 2+ → + R16 [47,51]
HCO CO H→ + R17 [26,47,51]
CH CO H HCCO H2 2+ → + R18 [26,51]
CH CO OH HCCO H O2 2+ → + R19 [26,51]
CH CO OH CH CO2 3+ → + R20 [26,51]
HCCO H CO CH+ → + 2 R21 [26,47,51]
CH O CO H2 2+ → + R22 [47]
CH H CH2 2 4+ → R23 –
CH O CO H4 22+ → + R24 [55]
CO O CO+ → 2 R25 [47,55–57]
H O H O2 2+ → R26 [55–57]
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methane, methyl and very little of ketene radicals (CH2CO) via two
different pathways reactions (R05 and R06), as shown in Table 4.
Acetonyl radical then decomposes to formmethyl radical and ketene
via reaction R07. Next, the ketene decomposes to ethynyloxy radical
(HCCO), carbon monoxide (CO) and methyl via reactions R18, R19
and R20. The ethynyloxy radical then decomposes to ethylene (CH2)
and carbon monoxide via reaction R21. From the acetaldehyde
pathway, it decomposes to the acetyl via reaction R08. Some re-
searchers [24–26,54] neglected this pathway and considered that
the acetone produces acetyl directly; however, others [47,49–51]
showed that it is important and, in turn, it is included here. The acetyl
afterward decomposes to carbon monoxide, carbon dioxide and
methyl (reactions R09–R12); andmethyl decomposes in turn to eth-
ylene, methanal (CH2O) and carbon monoxide via reactions R13,
R14 and R15, respectively. Methanal decomposes to hydrogen car-
bonate (HCO) (reaction R16) that, in turn, decomposes to carbon
monoxide via reaction R17, as shown in Table 4. Both ethylene and
methane are oxidized to carbon monoxide via reactions R22 and
R24, respectively. Besides, ethylene contributes methane via reac-
tion R23. Finally, carbon monoxide is oxidized to carbon dioxide
(CO2) via reaction R25, and hydrogen (H2) is oxidized to water (H2O)
via reaction R26 in case of enough air conditions (stoichiometric
or lean acetone ﬂame). These are the key pathways for acetone
oxidation/decomposition mechanism. The differences between this
chemical mechanism and others are that Barnard and Honeyman
[24,25] and Chong [26] showed that acetone mechanism contains
three main acetone initiation reactions, namely R01(as two reac-
tion pathways) and R02 (as one reaction pathway), as shown in
Table 4. However, Black et al. [49], Tsuboi et al. [50] and Dias et al.
[51] showed that acetone is also decomposed into acetaldehyde via
reactions R03 and R04 where such reactions are important and they
should be included. On the other hand, Black et al. [49], Tsuboi et al.
[50] and Dias et al. [51] had not considered some other important
pathways in their acetonemechanisms. For example, Black et al. [49]
did not consider the formation pathway of ethynyloxy (HCCO) from
ketene (CH2CO); but this pathway is the dominate path for the
ethynyloxy formation (see Chong [26] and Dias et al. [51]). Tsuboi
et al. [50] and Dias et al. [51], on the other hand, have not consid-
ered the formations and oxidations pathways of CH4 and CH2; in
addition, they had not considered the CO2 formation from CH3CO.
However, such pathways are showed by other researchers to be in-
cluded. The CH4 and CH2 formation pathways are showed by Chong
[26], Heghe [47], Decottignies et al. [48] and Van Geem et al. [54].
The CH4 and CH2 oxidation pathways are showed by Black et al.
[49]. The CO2 formation from CH3CO is showed by Decottignies et al.
[48] and Black et al. [49].
In general, the acetone oxidation/decompositionmechanism pro-
posed heremay cover the principal pathways of main formed species.
By analyzing suchmechanism, one can highlight only twomain path-
ways for acetone combustion: one for oxidation and another for
decomposition. The key pathway for acetone oxidation is: CH3COCH3
→ CH3CO → CH3 → CH2O → HCO → CO → CO2. However, the de-
composition pathway of acetone could be identiﬁed as: CH3COCH3
→ CH3COCH2 → CH2CO → HCCO → CO. By further evaluation of
such two main pathways, one may conclude that the decomposi-
tion pathway of acetone is the main consumption pathway rather
than the acetone oxidation pathway (see the relations in Table 4).
This conclusion is consistent with Chong [26]. As a ﬁnal point, it is
important to clarify that this study did not provide a systematic val-
idation of the acetone reactionmechanism in terms of ignition delay
or engine simulation validations since each path is already vali-
dated by others (e.g., References [24–26,47–57]) and, in turn, it could
be trusted (see Table 4). In addition, the skeletal mechanism for
acetone combustion is consistent with the performance and emis-
sions measurements of acetone blended fuel in combustion engine,
i.e., this provides further belief in the mechanism.
3.1.1. Mechanism of CO formation
Since carbon monoxide is a harmful and poisonous gas, it is im-
portant to reduce its level within acetone combustion. The proposed
acetone chemical mechanism described above is able to deﬁne CO
emission pathways. The CO is formed from the decomposition/
oxidation of CH3CO via R09 and R11, CH3 via R15, HCO via R17,
CH2CO via R20, HCCO via R21, CH2 via R22 and CH4 via R24, as
shown in Table 4. However, the principle intermediate formation
reaction of CO from acetone is mainly through two main path-
ways as follows:
Path 1: CH3COCH3 → CH3CO → CH3 → CH2O → HCO → CO
Path 2: CH3COCH3 → CH3COCH2 → CH2CO → HCCO → CO
Path 2 is more dominate than path 1, for the CO formation. Hence,
if one aims to reduce CO emission, it should be oxidized to CO2,
e.g., using enough air at high temperature environment to precede
complete oxidation, which means complete combustion of acetone.
3.1.2. Mechanism of CO2 formation
In the acetone mechanism, three main CO2 formation reactions
pathways are illustrated, namely R10, R12 and R25, as presented
in Table 4 and shown in Fig. 1. As seen, CO2 formation mechanism
is a result of oxidation of both CO and CH3CO. However, the oxida-
tion of CO (reaction R25) is themain pathway for the CO2 formation.
3.1.3. Mechanism of UHC formation
It is known that complete reaction mechanism for hydrocar-
bons may consist of thousands of elementary reactions [47]. In this
work, the entire hydrocarbons obtained from acetone oxidation/
decompositionmight be classiﬁed intomethyl (CH3), ethylene (CH2)
and methane (CH4), as shown in Fig. 1. However, the main hydro-
carbon formed from acetone combustion is mostly CH3. Such
hydrocarbons are oxidized afterward into carbon monoxide and hy-
drogen, and subsequently to carbon dioxide and water (in case of
enough air) with concomitant release of energy.
3.2. Performance
Examining the blended fuels on engine performance is carried
out using different performance issues, as shown in Figs. 2–6. Fig. 2
shows the exhaust gases temperature versus engine speeds; Fig. 3
shows the pressure of the gases inside the cylinder; Fig. 4 shows
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Fig. 2. Exhaust gases temperature versus engine speed for 10 vol.% acetone (AC10),
7 vol.% acetone (AC7), 3 vol.% acetone (AC3) and 0 vol.% acetone (AC0) in gasoline.
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the power generated from the engine at different speeds; Fig. 5 shows
the torque versus engine speeds; and Fig. 6 shows the volumetric
eﬃciency versus engine speeds for the three blended fuels and neat
gasoline. It can be demonstrated from the ﬁgures that the greater
the rate of acetone in the blends, the higher the engine power, torque,
volumetric eﬃciency, temperature of the exhaust gases and in-
cylinder pressure, i.e., better engine performance. The best
performance was obtained in this study at the blended fuel of AC10.
In particular, the temperature of the exhaust gases compared to neat
gasoline fuel increases by 0.8%, 2.3% and 5% when using blends of
AC3, AC7 and AC10, respectively. Pressure in-cylinder increases by
2.3%, 9.1% and 10.5% when using blends of AC3, AC7 and AC10, re-
spectively, compared to gasoline fuel. Engine power increases by
1.3%, 3.9% and 5.2% when using blends of AC3, AC7 and AC10, re-
spectively, compared to gasoline fuel. Torque increases by 0.45%,
1.36% and 2.1% when using blends of AC3, AC7 and AC10, respec-
tively, compared to gasoline fuel. Finally, volumetric eﬃciency
increases by 0.9%, 1.6% and 3.2% when using blends of AC3, AC7 and
AC10, respectively, compared to gasoline fuel.
The in-cylinder pressure and exhaust gases temperatures are in-
dicators for the completeness of fuel combustion when comparing
different fuels at same operating conditions. The reactants get into
the combustion chamber (CC) at room pressure/temperature while
products demonstrate an elevated pressure/temperature. The
pressure/temperature of the products in the CC depends on the
energy released from the combustion reactions and heat loss through
the boundary of the CC. The pressure/temperature of combustion
products is depleted for propelling the piston, and afterward the
exhaust gases leave the CC at a temperature called exhaust gases
temperature. Comparison of exhaust gases temperature of test fuels
when operated at same engine conditions, is shown in Fig. 2. Results
indicated an increase in exhaust gases temperature when engine
operated with the fuel blends. The higher latent heat of vaporiza-
tion for acetone leads to temperature drop in cylinder and, in turn,
a decrease in the exhaust gases temperature. But there are other
factors that increase the temperature in the cylinder. The lower latent
heat of acetone compared to gasoline leads to improve volumetric
eﬃciency (as it will be shown later), which leads to such increase
in exhaust gases temperature of fuel blends. In addition, the oxygen
in the acetone structures enhances the blended fuels combustion
and, in turn, increases the exhaust gases temperature since the
exhaust gases temperature is a mirror of the combustion eﬃcien-
cy and other parameters, like combustion timing, mixture strength
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Fig. 3. P-V diagram. Captions are similar to those in Fig. 2.
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Fig. 4. Brake power versus engine speed. Captions are similar to those in Fig. 2.
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Fig. 5. Torque versus engine speed. Captions are similar to those in Fig. 2.
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Fig. 6. Volumetric eﬃciency versus engine speed. Captions are similar to those in
Fig. 2.
A. Elfasakhany/Engineering Science and Technology, an International Journal 19 (2016) 1224−12321228
etc. Heat release analyses can also show that the combustion of
acetone–gasoline blends produce a noticeable high temperature heat
release behavior, whereas the 10 vol.% acetone in gasoline shows
the highest heat release among all test fuels. For the same reasons,
the high in-cylinder pressure of blended fuel (AC10) is the highest,
compared to neat gasoline, as shown in Fig. 3. Such high heat release
rate of fuel blends is a result of the immediate pathway of CO for-
mation, as shown in Fig. 1. The CO formation mechanism shows a
direct forming path, which means fast combustion of acetone in the
form of gas phase. In addition, such direct path plays an impor-
tant role in the ignition delay time of the fuel blends.
The high volumetric eﬃciency of the blended fuels (as acetone
rate increases in the blended fuels, volumetric eﬃciency in-
creases) is attributed to the high latent heat of acetone (518 kJ/kg)
compared to gasoline (380–500 kJ/kg), as shown in Table 2, where
the higher the heat capacity, the lower fuel evaporation and thus
the higher volumetric eﬃciency occurred. Acetone evaporates much
slower than anything in gasoline where it is in liquid phase at at-
mospheric pressure and room temperature, unlike gasoline. Acetone
could be vaporized at low pressure and temperature (27 bar and
at 303 K [51]) or at 1 bar and 329 K (boiling point 56 °C, as shown
in Table 2). Added to this is the high saturation pressure of acetone
compared to gasoline; the saturation pressure of acetone is 53.4 kPa,
whereas for gasoline it is 31.01 kPa (at 38 °C), as shown in Table 2.
One more reason for advantage of acetone volumetric eﬃciency is
that the surface tension for acetone is about 22.3 mN/m but it is
about 20.9 mN/m for gasoline (at 90% octane and 20 °C) [58]. Con-
sequently, acetone needs a longer induction time to be decomposed
and vaporized due to its high surface tension characteristics. But
as soon as acetone vaporized, it speeds up the combustion once the
reaction started. This may be explained based on the reaction mech-
anism as follows. Generally, the decomposition path of acetone is
slower than the oxidation one. Hence, acetone takes longer time to
be decomposed, but after a while, oxidation takes a place and, in
turn, reaction speeds up the combustion process. The acetone’s
higher volumetric eﬃciency leads to obtain higher engine torque,
power, in-cylinder pressure and combustion temperature (e.g.,
exhaust gases temperature). Generally, the use of acetone–gasoline
blends directs to improve both fuel conversion eﬃciency and engine
performance, compared to neat gasoline, as shown in Figs. 2–6.
The boost of engine performance of blended fuels may also refer
to the fact that signiﬁcant leaning of blended fuels was obtained
when acetone (AF = 9.54) was mixed with gasoline (AF = 14.6) in
certain concentrations. This can partially explain the leap of fuel
conversion eﬃciency due to its more complete combustion. Another
reason is that acetone fuel contains oxygen (27.6 wt.%), as shown
in Table 2, which leads to an increase in fuel conversion eﬃciency.
Moreover, acetone has high octane number by about 110, as shown
in Table 2, because of its high ﬂame speeds. The higher the ﬂame
speed is, the lower the tendency of knock occurs and, in turn, better
performance obtained.
One hypothesis of acetone as a fuel, as explained above, is that
its droplet slows down the evaporation but speeds up the combus-
tion of gasoline vapor to allow for a more complete combustion.
But adding too much acetone to gasoline will speed up the ﬂame
burning too much, and adding too little will not inﬂuence, or speed
up a little, the fuel burning. This work examined the addition of 3–10
vol.% of acetone and it works well; but themaximum limit of acetone
addition to gasoline needs to be deﬁned (this would be presented
in another research work). Besides, with the increase of acetone
content in the blends, the speciﬁc fuel consumption (the ﬁgure is
not presented) increases due to its lower energy density com-
pared with the neat gasoline, as shown in Table 2. Moreover, due
to the higher latent heat of vaporization of acetone than that of gas-
oline, fuel blends showed higher speciﬁc fuel consumptions, as
expected. However, speciﬁc fuel consumption is affected by many
factors, such as fuel properties and engine operating parameters.
As the load/power is gradually increased, speciﬁc fuel consump-
tion reduces gradually. It is important to highlight that the speciﬁc
fuel consumption is not measured at all speed range to be pre-
sented as other ﬁgures in the work.
During experiments, it was observed that reasonable engine noise
was obtained when using acetone blends although high in-cylinder
pressure usually induces high level of noise (acetone blends provide
high in-cylinder pressure, as shown in Fig. 3). One more advantage
of using acetone as a blended fuel in SI engines is that the engines
set up can be maintained without any necessary modiﬁcations/
adjustments when acetone content is below 10% by volume. In
addition, acetone is showed to be very soluble in gasoline fuel, which
in turn supports a high quality of the blends combustion. However,
acetone can also dissolve in water to form emulsion, which causes
corrosions of metals. Consequently, the engine fuel system as well
as gasoline must be completely free of water, otherwise corro-
sions will happen quickly to the fuel line, leading to wide-ranging
reform in the fuel system, and perhaps worst of so if corrosion/
damage occurred while driving. Add to that, the acetone is an
effectual corrosive to rubber and plastic; when the acetone comes
into contact with any rubber/plastic fuel system components, they
will be dissolved away, which leads to extensive repairs/replace/
damage of such components. Thus, fuel system must not contain
any rubber or plastic components whether there is water in the
system/fuel or not. As a recommendation, the fuel system compo-
nents must be made of high quality metals before using acetone
in the engine, otherwise there will be serious problems that cannot
be remedied.
3.3. Emissions
Figs. 7–9 illustrate the effects of the acetone–gasoline blends on
engine emissions. As shown, the use of acetone with gasoline fuel
reduces exhaust emissions averagely by about 43% for carbon mon-
oxide, 32% for carbon dioxide and 33% for the unburnt hydrocarbons.
Such reductions in emissions are changed with changing engine
speeds or blend rate. When the engine speed is ﬁxed to be about
2600 r/min, the AC3 produces amount of emissions less than the
neat gasoline by about 40%, 29.5% and 35% for CO, CO2 and UHC,
respectively; when using AC7, the emissions, compared to the neat
gasoline, are reduced by about 44.5%, 34% and 33% for CO, CO2 and
UHC, respectively; when using AC10, the emissions, compared to
neat gasoline, are reduced by about 46.7%, 35.5% and 31.8% for CO,
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CO2 and UHC, respectively. This means that an increase in the pro-
portion of acetone in the blended fuel reduces engine emissions (CO
and UHC) signiﬁcantly. But the rate of reduction in CO and UHC emis-
sions is decreased by increasing acetone content where you may
compare the changes from AC3 to AC7 and/or from AC7 to AC10 at
same speed, as it will be shown later. On the other hand, the engine
speeds inﬂuence signiﬁcantly on the pollutant emissions. The in-
ﬂuence of engine speeds and acetone rate on emissions is
numerically identiﬁed as follows. The CO emission of AC10 is lower
than that of AC7 by 2.2%, while CO of AC7 is lower than CO of AC3
by 4.5%, at 2600 r/min; however, at speed of 3400 r/min, CO of AC10
is lower than CO of AC7 by 5.5%, while CO of AC7 is lower than CO
of AC3 by 7.7%, as shown in Fig. 7. Similarly, in the case of UHC, as
shown in Fig. 8, the AC10 is lower than AC7 by 1.3%, while the AC7
is lower than AC3 by 4.7% at speed of 2600 r/min; however, at speed
of 3400 r/min, the AC10 is lower than AC7 by 6.3%, while the AC7
is lower than AC3 by 8. 25%. As well in the case of the CO2 emis-
sions, as shown in Fig. 9, the AC10 is higher than AC7 by 1.1%, while
AC7 is higher than AC3 by 2.3% at speed of 2600 r/min; however,
at speed of 3400 r/min, AC10 is larger than AC7 by 1.6%, while AC7
is larger than AC3 by 2.5%. From these numbers and their analysis,
one may notice that the behavior of blends at high speeds is more
eﬃcient at getting less pollution emissions than that in the case of
low speeds conditions. Besides, by increasing the acetone rate in
the mixture, its effectiveness to decrease emissions is not the same
as in the low rate conditions.
It is interesting to highlight that by increasing the engine speeds,
the recital of gasoline fuel is different from blended fuels. In case
of gasoline fuel, the CO and UHC are decreased while CO2 in-
creased by increasing the engine speeds.While in the case of blended
fuels, the emissions of CO and UHC are increased by increasing
engine speeds until they reach the peak and then they decrease con-
tinually until reaching the lowest value at the speed of 3400 r/min
(limit speed of the experiment). In case of CO2 emissions, the be-
havior of gasoline is similar to that of blended fuels where CO2
increases by increasing the engine speeds for both types of fuels
(gasoline and blends) but with different rates (as showed earlier).
One important observation is that the worst emissions of the
blends are at medium speed (2900–3000 r/min), where the highest
levels of CO and UHC are gained. Besides, the emissions at low speeds
(<2900 r/min) tend to increase by increasing engine speeds; but it
should be noted that the emissions of blended fuels at low and
medium speeds are still better than those of gasoline fuel. The trends
of CO and UHC at low and medium speeds may attribute to the fact
that the CO and UHC productions/formations pathways are dom-
inant than the consumption/oxidation pathways, e.g., fast
productions/formations and slow consumption/oxidation of both
CO and UHC. This can be shown clearly from the several pathways
for CO and UHC formation but less ones for the consumption/
oxidation pathways, as shown in Table 4. By increasing the
temperature inside the combustion chamber (more generated power)
at high speeds conditions, the consumption/oxidation pathways
become more activated and, in turn, CO and UHC are decreased. In
addition, the decomposition/oxidation of hydrocarbons via carbon
dioxide reaction path (hydrocarbons can produce carbon dioxide
directly without going through CO, as shown in Fig. 1) may be dom-
inant in the presence of high heat and, hence, formation of CO
partially drops off. In view of that, CO and UHC are decreased dra-
matically at high power/speeds. On the other hand, continuous
growing of CO2 may be tentatively assigned to (C—O) and/or
(UHC—O) reactions pathways. The growing intensity of the CO2 sug-
gests that CH3COCH3 is decomposed/oxidized perfectly at high
temperature/pressure/speeds conditions. Despite the coverage con-
tinually increase of CO2 with speeds, but its value remains always
below neat gasoline.
By further analyzing the pollutant emissions results with the
help of acetone mechanism discussed earlier, one can emphasize
that the CO, CO2 and UHC emissions are highly depending on
the intermediate compounds. Such compounds from acetone
decomposition/oxidation were typically enlarged and growing at
lower temperature/pressure/speeds because of the reaction rate
scheme. The reactivity of such intermediate compounds is varied
with engine speeds/powers. Anikeev et al. [59] stated that the re-
action rate constantly increases exponentially with increasing
pressure/temperature. In addition, reaction rate depends on the
oxygen concentration, pressure, temperature and nature of com-
pounds, e.g., differing by the number of C and H atoms and the
related bonds between them. Furthermore, these intermediate com-
pounds are either not thermodynamically stable at high reaction
temperatures or has high effective reaction pathways that lead to
stable CO2 products. In addition, the role of oxygen in the acetone
fuel may be less activate at low and medium speeds, rather than
to oxidize the fuel. Finally, it is important to clarify that the inﬂu-
ence of temperature and pressure on the chemistry of acetone
decomposition/oxidation is quite complicated and the analysis needs
further support by a modeling study. In conclusion, one may em-
phasize that the gas-phase reactions have a large impact on engine
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pollutant emissions and this is very related to engine speed. As a
recommendation, one can optimize pollutant emissions produced
from engine at using acetone–gasoline blended fuels by working
at speeds greater than or equal to 3400 r/min.
In general, the pollutant emissions of SI engine using blended
fuel are much lower than those in the neat gasoline fuel at all engine
speeds. This may refer to the fact that the acetone fuel contains
oxygen as part of its content, while gasoline does not contain any
oxygen. This allows the combustion of acetone to be more com-
plete with less pollutions (CO and UHC). As well, it is observed that
the acetone fuel contains less carbon atoms than those in gasoline
fuel by about 62% (3 and 8 carbon atoms for acetone and gasoline
fuels, respectively, as shown in Table 2), and this leads to generate
much less CO and CO2 emissions than those in gasoline (for the
carbon conservation point of view). In addition, the overall fuel con-
sumption might be improved since the blends burn in signiﬁcant
lean conditions (fuel consumption is affected by engine operating
parameters, as mentioned earlier). This can add advantages of using
acetone fuel widely without causing such high emissions as in gas-
oline. From this study, one can draw that acetone is a promising fuel
in SI engines because of its friendly environment. Adding acetone
is a sort of activating the combustion of fuel or tonic.
By analyzing the factors inﬂuencing engine emissions, the fol-
lowing factors may be proposed in this work as playing a primary
role in SI engine pollutant emissions of the acetone–gasoline blended
combustion process: inducted charge of air, fuel type and engine
speeds. The charge of air inﬂuences the completeness of combus-
tion. Increasing acetone content in the fuel blends or engine speeds
(>3000 r/min) shows to improve the pollutant emissions of CO and
UHC. Consequently, one can gain high engine performance and low
pollutant emissions by optimizing the engine speeds and/or in-
creasing acetone rate in the fuel blends.
4. Conclusions
While no evaluation of the combustion characteristics of acetone
in a gasoline-fueled engine is presented in early studies, several
factors are identiﬁed in this work to signiﬁcantly investigate the per-
formance and pollutant emissions of acetone–gasoline blended fuels.
Experiments have been carried out with fuel blends containing 3,
7 and 10 vol.% acetone in gasoline as well as the neat gasoline fuel.
Engine was operated with each blend at 2600–3500 r/min. Based
on this work, the following conclusions may be drawn:
• The use of acetone–gasoline blends leads to a boost in both fuel
conversion eﬃciency and engine performance.
• The greater the rate of acetone in the blends (up to 10 vol.%),
the higher the engine power, torque, volumetric eﬃciency,
exhaust gases temperature and in-cylinder pressure.
• Adding acetone to gasoline leads to an initial increase in CO and
UHC emissions followed by a steady decrease with increasing
engine speeds. However, the emissions (CO and UHC) decrease
continually with increasing engine speeds for neat gasoline.
• At high speeds conditions, fuel blends are more effective at re-
ducing pollution emissions than those at low speeds conditions.
• The worst (highest) emissions of the fuel blends are at medium
speed (2900–3000 r/min) but they are still lower than those of
the neat gasoline.
• Twomain pathways for acetone combustion are highlighted: one
for oxidation and the other for decomposition. The decompo-
sition pathway is dominant than the oxidation pathway.
• Acetone needs a longer induction time to be decomposed, but
as soon as vaporized, it speeds up the combustions once the re-
action started.
• As acetone content increases in the blends, speciﬁc fuel con-
sumption increases.
• Three factors have been identiﬁed to signiﬁcantly inﬂuence on
SI engine performance and emissions at using acetone–gasoline
blends: inducted charge of air, rate of acetone in the fuel blends
and engine speeds.
• The SI engine set up could be maintained without any neces-
sary modiﬁcations/adjustments when acetone content is below
10% by volume.
• Acetone is a very promising alternative fuel to be directly used
in SI engines. Adding acetone is sort of activating the combus-
tion of gasoline fuel. But engine systems must be of high quality
before using acetone in the engine.
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